Investigations of polluted brownfield sites and sample analyses are expensive, and the resulting data are often of poor quality. Efforts are needed, therefore, to improve the methods used in investigations of brownfield sites to both reduce costs and improve the quality of the results. One approach that could be useful for both of these purposes is the triad strategy, developed by the US Environmental Protection Agency, in which managing uncertainty is a central feature. In the investigations reported here, a field study was conducted to identify possible ways in which uncertainties could be managed in practice. One example considered involves optimizing the uncertainty by adjusting the sizes of samples and the efforts expended in analytical work according to the specific aims of the project. In addition, the potential utility of several toxicity assessment methods for screening sites was evaluated. As well as presenting the results of these assessments, in this contribution we discuss ways in which a flexible work strategy and screening methods inspired of the triad philosophy could be incorporated into the Swedish approach to remediate brownfield sites. A tiered approach taking advantage of field and screening methods is proposed to assess brownfield sites focusing on the response and acceptable uncertainty that are required for the task.
Improving Soil Investigations at Brownfield Sites Using a Flexible Work Strategy and Screening Methods Inspired by the US Environmental Protection Agency's Triad Approach
Investigations of polluted brownfield sites and sample analyses are expensive, and the resulting data are often of poor quality. Efforts are needed, therefore, to improve the methods used in investigations of brownfield sites to both reduce costs and improve the quality of the results. One approach that could be useful for both of these purposes is the triad strategy, developed by the US Environmental Protection Agency, in which managing uncertainty is a central feature. In the investigations reported here, a field study was conducted to identify possible ways in which uncertainties could be managed in practice. One example considered involves optimizing the uncertainty by adjusting the sizes of samples and the efforts expended in analytical work according to the specific aims of the project. In addition, the potential utility of several toxicity assessment methods for screening sites was evaluated. As well as presenting the results of these assessments, in this contribution we discuss ways in which a flexible work strategy and screening methods inspired of the triad philosophy could be incorporated into the Swedish approach to remediate brownfield sites. A tiered approach taking advantage of field and screening methods is proposed to assess brownfield sites focusing on the response and acceptable uncertainty that are required for the task.
INTRODUCTION
Soil clean-up projects are expensive. Their costly components include the associated site investigations and sample analyses, but despite the expense of these investigations, the knowledge they provide about the sites is often limited. Furthermore, remediation costs often increase as projects progress. Efforts should be made, therefore, to improve brownfield investigations in order both to cut their costs and to enhance the quality of the results. One approach that could be used for these purposes is the triad strategy developed by the US Environmental Protection Agency (1, 2) . The key aspect of this methodology is managing uncertainty through systematic project planning, dynamic work strategies, and real-time measurement technologies.
The triad approach was developed to improve the quality and reduce the costs of soil remediation. In a triad approach, the remediation project is systematically planned and a conceptual site model is developed to manage uncertainty in such a way as to optimize the remediation. As an outcome of the systematic project planning, the action levels for remediation of the site are established at an early stage, and the sampling strategy can be adapted according to the goals, so that efforts are directed towards samples that are in the uncertainty interval of the action limits. An alternative way to address sites with uncertain background information is to use broad analytical methods that provide a rapid overview of the site, so-called screening methods. Screening methods are of interest for assessing pollution status and improving site investigations, that is, to direct further investigations and to build the conceptual model. A successful triad approach requires rapid, dynamic analytical methods that can be used to screen brownfield sites for pollution. Field methods, such as X-ray fluorescence (XRF) spectroscopy using portable systems, and scanning tests that are sensitive to most, or all, of the pollutant spectrum (and thus provide indications of overall pollution levels), such as toxicity tests, are valuable tools in the triad approach.
One of the subsidiary objectives of the triad approach is to accelerate the project by optimizing decisions before starting to collect samples. Once in the field, one should only have to follow the predetermined routine for decision making. Therefore, the people involved in the dynamic work strategy need to be well trained and experienced or at least aware of the methodology.
In Sweden, soil cleanup projects can be classified into 4 main types according to their sources of funds: i) publicly financed environmental projects; ii) projects financed by a specific sector, such as the oil industry; iii) projects financed by industrial companies based on the requirements from the environmental authorities, and iv) private soil rehabilitation projects prior to house construction. Each type of project has its own agenda. Although oil industry-financed remediation and house construction projects focus on removing the polluted soil to produce a clean area, the publicly financed projects involve 4 independent steps: 2 prioritizing, 1 remediation planning, and 1 cleanup (3).
We believe that the Swedish approach could be improved by employing some of the features of the triad method using realtime and screening measurement techniques to identify the riskcarrying soil fraction and reduce uncertainty. Here, particular attention is paid to toxicity tests and XRF analysis. A study conducted at a marshalling yard is used to exemplify possible ways in which elements of the triad method could be incorporated into the traditional Swedish approach for publicly financed projects (3).
The aims of the project were to: -Compare the triad and the present Swedish brownfield investigation strategy. -Discuss how uncertainties regarding the nature and levels of pollution could be estimated and addressed by means of sample size and measurement times. -Highlight the possibilities of using several toxicity tests, targeting different pollutants in the soil to identify the riskcarrying fraction and to determine their potential as screening methods.
-Suggest a tiered site investigation approach in which elements of the triad strategy are incorporated into the present Swedish brownfield investigation strategy.
THE TRIAD AND THE PRESENT SWEDISH BROWNFIELD INVESTIGATION STRATEGY
The triad strategy focuses throughout on the final goal, that is, the site remediation, whereas the current Swedish approach to assessing and remediating brownfield sites comprises 4 steps with distinct goals: 2 classification steps, during which sites are inventoried and prioritized; a remediation planning stage; and the remediation project ( Table 1) . The classification steps are described in detail in the Methodology for Inventory of Polluted Sites, that is, MIFO methodology (3). Using quality criteria, MIFO makes it possible to compare sites from different sectors and identify the sites that should be prioritized for further action. In both approaches, the project starts with information collection. However, after the contamination suspicions are confirmed and the site is classified as potentially needing remediation, the foci of the 2 approaches diverge. The Swedish methodology has 2 classification steps before any remediation decision is made and planning starts. The triad approach focuses more on the final remediation than the site assessment, including identification of the pollutants to be analyzed, the limit values for specific actions, and the appropriate analytical methods for each identified limit value, keeping in mind at all stages the remediation techniques that may be used.
The Swedish stepwise methodology involves 4 stages, with 4 tenders and better control of the costs for each step. However, the final cost may be unnecessarily high because of these steps. In the triad method, the final cost is unknown at the beginning, and it requires mutual trust between the stakeholder and contractor that the latter will make the project as cost effective as possible.
The triad system requires active project partners, especially with respect to the economic aspects, because rapid decisions must be made. Further, it requires trust between authorities and the stakeholders because the project may change focus rapidly. Information management and communication are essential. In the present situation in Sweden, information is mainly transmitted via written reports, and practical experience from the sampling activities is often lost because different people are usually involved in the different steps of the project. Further, the sampling documentation can be of poor quality.
Another hindrance is that the framework of the projects may be very strictly defined in the tender before the project starts, making it difficult or impossible to adapt the project as information is gathered. For example, opportunities to save overall costs by taking more samples when expensive sampling equipment is already available onsite could be lost because of the inflexibility of the plans.
The main goal of stepwise MIFO methodology is to prioritize sites where no responsible polluter can be found and society through the EPA must finance the remediation. SPI Miljo¨saneringsfond AB (SPIMFAB) is a private organization developed by the oil companies in Sweden. The SPIMFAB remediation programs include petrol stations where the activity ceased between 1969 and 1994. The program includes identification, investigation, risk classification, environmental investigations, and, where necessary, remediation. The SPIMFAB approach is closer to the triad approach than to MIFO. Great trust is accorded to the consultant allocated the task by SPIMFAB. When necessary, the consultant can make decisions with respect to required investigations, risk assessments, and remediation techniques. Field instruments, such as photoionization detectors (PIDs), make it possible for the investigator to make rapid decisions onsite. The similarities between the pollution situation at all gasoline stations, such as pollution with well-defined volatile petroleum products, make PIDs a useful tool. However, unlike the triad method, uncertainties in sampling are not considered an issue in SPIMFAB investigations. The experience of the limited number of consultants working with SPIMFAB ensures a common quality level for the investigations. However, the amounts of polluted soil in SPIMFAB projects are often underestimated and the costs rise as a consequence. It is not a problem as long as the project financing is secured by the SPIMFAB fund, but it makes all budget estimations highly uncertain.
Environmental site investigations associated with real estate do not aim to prioritize sites for remediation but to estimate the real estate value. An interview with one of the major housing construction firms in Sweden revealed that great effort is expended on the preliminary investigations, but field instruments are never used, only laboratory analysis. Further, sampling uncertainty is not addressed and is considered a minor problem. The situation described by Woll et al. (2) , in which the triad approach is used to calculate more accurate insurance premiums and leads to more profitable brownfield transactions, is not yet recognized in Sweden. The contribution of sampling to the total uncertainty is commonly underestimated, even though there is an increasing awareness in Sweden that sampling is a significant source of uncertainty.
There are similitude between MIFO and the triad system and some of the features of the triad system could simply be applied in the MIFO strategy, especially with regard to use of real-time and screening measurement techniques to identify the riskcarrying soil fraction and to reduce uncertainty.
CASE STUDY AT THE MARSHALLING YARD
A study of a 1.6-hectare subarea of the marshalling yard in Boden, Sweden, is used as example to illustrate how site investigation could be improved. Previous studies of marshal- ling yards have suggested that a broad spectrum of pollutants would be found at the site (4, 5) . On the first day, a total of 44 samples were collected, in order to identify potential polluted spots where a spectrum of pollution could be found (Fig. 1 ). We used a stratified random design to localize the sampling spot. After removing the upper 5 cm, 5 subsamples of the upper 40 cm were collected at each spot and mixed. During the evening, the collected samples were analyzed using 2 real-time measurement techniques: XRF and the rapid onsite toxicity audit system (ROTAS) (see below). Based on the results, 21 points were further sampled within the area on the second day. After analysis, 11 spots were selected at which a broad spectrum of pollutants was expected to be present at significant concentrations. A 50-cm deep hole was excavated and the soil heap thoughtfully mixed before subsamples were taken so that laboratory techniques could be used to validate the field results.
The tests performed were:
Field assays -X-ray fluorescence measurements with a portable NITON 700 XRF spectroscope directly through the sample bag (60 and 120 nominal s). -Rapid onsite toxicity audit system toxicity tests using bioluminescent Vibrio fischeri).
Laboratory assays -Lumitox metabolic inhibition toxicity tests in 96 well plates using bioluminescent V. fisheri, adapted from Microtox. -Cell culture toxicity tests based on growth inhibition of the tumor-transformed mouse fibroblast cell line L929. L929 cells were exposed to test solutions in 96 well plates in a 10%, 25%, and 50% (v/v) dilution series. 2500 cells per well were preincubated for 24 hr prior to exposure for 72 hr, and culture growth was measured using neutral red incorporation (6) adapted to L929 fibroblasts (7).
Laboratory analysis -Analyses of total metal contents in the soil (Soil2control screening determinations of metal cations using an IRIS emission spectrometer, ALcontrol Laboratories, Rotherham, UK). -Screening of organic pollutants (Soil2control determinations of volatile organic compounds by headspace/gas chromatography mass spectrometry (GC/MS); petroleum hydrocarbons in the C6-C40 range by EZ Flash GC-FID; and semivolatile organic compounds in soil, water, and products by Time of Flight GC-MS; all by ALcontrol Laboratories). -Screening of organic pollutants using 2-dimensional GC/MS.
REDUCING AND MANAGING UNCERTAINTY
The total uncertainty related to the response obtained for a single sample is the combination of the uncertainties associated with its collection, preparation, and analysis. Attempts should be made to reduce collection, preparation, and analysis uncertainties. We have chosen 2 examples to illustrate how the total uncertainty could be reduced by managing the collection of the samples and the XRF field analyses, that is, by i) determining appropriate sample sizes and ii) optimizing XRF measurements for the requirements of the project. X-ray fluorescence spectroscopy is a real-time measurement technique that is commonly used in Sweden and is suitable for the triad approach.
Representative Sample Size
Heterogeneity of soil occurs at all scales influenced by the particle size distribution of the soil, the mineral composition, and the source of the pollution. This heterogeneity can pose substantial sampling problems because the sampled points may not reflect the distribution of target variables (in this case pollutant levels) and ''hot spots'' may be missed. Thus, the mean and extreme levels in the samples may be very different from the true levels at the site. The effects of large-scale heterogeneity (trends and cycles) must be be addressed by geostatistics. However, the effects of small-scale heterogeneity can be reduced by determining a representative sample size (8) , which can, for example, be used to improve assessments of the levels of a given pollutant at the site. We tested one method for determining a representative sample size: a 2-tiered variance comparison (9) (10) (11) .
Within the marshalling yard, a 10 3 30 m former gravel-filled storage area was selected for the sample size investigation (Fig. 1) . The area was divided into 10 strata from which the samples were taken on the basis of a stratified randomized design. Two series of samples were taken, with sample sizes differing by an order of magnitude: small ( S ) and large ( L ) samples of 0.1 L and 1 L, respectively (9-11). The samples were dried, passed through a 2-mm sieve, and subdivided. Subsamples of ;8 g were crushed to pass through a 0.125-mm sieve, and their metal contents were measured in a sample cup 3 times using a portable XRF instrument, with 2-minute nominal count times.
Several authors have described the different types of variance relationships between 2 series of small (S 2 S ) and large (S 2 L ) sample sizes and the implications regarding determination of the optimal sample size (9-11). Variances differing by more than 20% are considered significant in this respect. The variance of the 2 sets of samples was used in our example to determine the appropriate sample size. Data from the 2-tiered variance comparison are summarized in Table 2 . No differences in variances are statistically significant for a ¼ 0.05.
In our example, the sample sizes for iron, lead, and zinc correspond to a rare case in which S 2 S , S 2 L and consequently both sample sizes were too small. The small samples theoretically provide indications solely of the background levels of the contaminants. The contaminants may occur at high levels in some places, but such occurrences are unlikely to be detected when the samples are several orders of magnitude too small. The average concentrations are likely to be much larger in the bigger samples because they are more likely to contain clusters of the contaminant(s). If the concentrations are close to action levels, understanding the nature of the contaminant distribution may save time, and the results show that in this case both sets of samples were too small and that the data obtained from them should be rejected. Samples at least an order of magnitude larger should be taken to determine the optimal sample size.
For the copper data S 2 S . S 2 L , indicating that the smaller samples, at least, are too small and an optimal sample size should be found, S 2 S . S 2 L is the most common situation. The sample mass is of importance. Over the range of sample sizes collected, the effects of grouping, segregation errors, and fundamental errors differ. Taking larger samples is generally one way to reduce their effects (8) (9) (10) (11) , along with attempting to identify an optimum sample size. Data series from samples that are smaller than the optimal size should be rejected for further work. The copper example shows that better estimates of contaminant levels could be obtained by taking larger samples, because this would reduce the confidence intervals. However, the optimal sample size should be identified by increasing the sample size until the variance reaches an asymptotic level.
Two other possible cases are when S cases, the material is relatively homogenous at both large and small scales. A potential risk is that the data indicate the background level of contaminants and miss hotspots and/or agglomerates of contaminants. Both sets of data can be used.
There is no advice in the literature providing guidance on deciding whether the variances are large or small if the 2 are roughly the same; neither is there guidance on the magnitude at which the variances should be considered equivalent. However, the following could be considered a rough test. If the outcomes correspond to the cases in which S 2 S ' S 2 L , the sample sizes used might be appropriate. If the outcome is 1 of the 2 other cases, larger samples should be evaluated, or an optimal sample size should be found using other methods, such as the Visman method (9, 10) and the Gy formula, either mathematically or graphically (4, (8) (9) (10) (11) . However, Gustavsson et al. (4) found it difficult to determine some of the variables used in the Gy formula and used tabulated values. Pitard (11) presented a modified version of the Gy formula to use on data from sieving analysis to obtain a sample size that, at least, represents all particle size fractions and another even simpler modification, the ''rule of thumb'' for environmental samples when there is no prior knowledge of the soil.
Optimizing Real-time Measurement Techniques and Managing the Uncertainty
To improve the precision of XRF measurements (and reduce uncertainty), one can increase the measurement time, increase the number of measurements, or prepare the sample, such as by drying and sieving (12) . This study focused on the 2 former factors, investigating ways in which the uncertainty could be reduced in field conditions, that is, analyzing directly through the sampling bag. The soil sample with the highest pollutant content was chosen, and the concentrations of copper and lead were used as examples (Table 3) . Two types of uncertainty were identified: i) the instrumental uncertainty, which is related to the instrument itself; and ii) the sample uncertainty, which is related to the sample heterogeneity. The instrumental uncertainty was found to be dependent only on the measurement time, that is, the standard deviation declined from 8.4 to 5.8 when the measurement duration was doubled, and the sample uncertainty could be reduced by increasing the number of measurements.
Increasing the measurement time mainly reduces the instrumental uncertainty, whereas the number of samples mainly affects the sample uncertainty. If the analyzed samples can be classified as clean or polluted according to the remediation goal directly after a few, rapidly collected measurements, there is no need to prolong the analyses. In contrast, if the first results happen to be close to the critical action limit, it may be worthwhile to continue the analysis in order to reduce the uncertainty of regarding the concentrations of target elements in the sample and thus obtain a better indication of whether or not they exceed action levels. Figure 2 shows the changes in the confidence intervals of the average concentrations of copper and lead in relation to the number of measurements on the same bag. The average, maximum, and minimum confidence intervals are presented. Ten random combinations of a series of 14 measurements and a t-distribution were used to generate the confidence intervals. Large numbers of measurements may be needed to reduce the uncertainty to negligible levels; however, strong reductions were obtained with 6 measurements.
The largest reduction in the uncertainty, that is, the confidence interval, was obtained by increasing the number of measurements. At our site, when the measured concentration is Table 3 . Mean copper and lead concentrations and SD obtained from 14 direct analyses, through the sampling bag, of a single sample with a portable X-ray fluorescence instrument. Figure 2 . Changes in the confidence intervals of the average concentrations of 2 contaminants (copper and lead) in relation to the number of measurements of 1 sample. The average, maximum, and minimum confidence intervals of the measurements are shown.
Ten random combinations of a series of 14 measurements were used in a t-distribution to generate the confidence intervals.
close to the action level, it could be worth taking up to 6 measurements to improve the assessment of the sample. However, increasing the number of measurements further would probably improve the assessment only marginally.
ASSESSMENT OF THE RISK-CARRYING POLLUTANT FRACTIONS
In our field test, we focused on toxicity measurement methods, because they can provide better indications of the overall pollution status of the soil than the total content of specific pollutants. The total pollutant content of a soil can be divided into the mobile hydrophilic and hydrophobic fractions, the particle-bound fraction, and the immobile fraction. Effects on any recipient are caused by the mobile fractions, and several tests are available to assess their levels, which should be taken into account in the risk assessment to be as precise as possible.
Often an extraction step is necessary, the effects on the amounts (and possibly forms of the pollutants) of which should always be considered.
Five approaches were used to investigate the different riskcarrying fractions:
-Hydrophilic pollutants were assessed using water extraction and i) ROTAS assays; ii) Lumitox assays (in which the same bioassay system as in ROTAS was used, but the extraction conditions were more efficient; 10 MPa, 1508C); and iii) L929 assays, in which the more efficient extraction method was used but growth inhibition was the indicator variable. -Hydrophobic pollutants were assessed with ROTAS using methanol extraction, including methanol dilution necessary to avoid possible toxic methanol effects on the V. fischeri. -A 2-phase water flea test was used to assess the effect of the particle-bound pollutant fraction.
The results of the different tests were related to the total contents of 16 metals, 8 mineral oil constituents, 16 polycyclic aromatic hydrocarbons (PAHs), 7 nitrogen pesticides, 34 organochlorine pesticides, 21 organophosphorous pesticides, 12 chlorophenols, 7 polychlorinated biphenyls, 6 phthalates, and 28 semivolatile and 61 volatile organic compounds.
Three Toxicity Tests for the Hydrophilic Fraction
An attempt was made to validate the 3 toxicity tests by comparing the results they yielded in assays of the same soil samples (Fig 3) . The Lumitox and ROTAS methods use the same bioluminescence inhibition bioassay system, but a greater extraction efficiency is obtained thanks to the poly(A)-limiting element (10 MPa, 1508C) in the former. The L929 assays (which provide data on a different aspect of toxicity: growth inhibition [6, 7, 13] ) indicated that some of the samples were more toxic, and others less toxic, than the other 2 assays suggested.
The concentrations of lead, vanadium, and copper, respectively, exceeded the generic guideline values in samples 8, 10, and 11. A relative luminosity below 50% of the control was considered to indicate toxicity. Sample 8 appears to be the most toxic on the basis of both the Lumitox and L929 tests, which could be related to its high lead content. L929 assays also indicated that samples 10 and 11 are toxic, which may be related to their vanadium and copper contents. The ROTAS system detected toxicity not only in sample 8 but also in samples 1, 6, 7, and 9. Vanadium, nickel, and copper concentrations were close to the generic guideline values for sensitive land use in sample 7, but none of the analyzed metals appeared to be correlated to the toxicity responses in the other samples. The PAH concentration was higher than the guideline value for less sensitive land use in sample 10 and elevated in samples 1, 3, 8, and 11, which may have contributed to the observed responses to those samples. No evidence was found to explain the toxicity recorded in samples 6 and 7. Water extraction was sufficient for watersoluble contaminants in the field ROTAS V. fischeri method. Methanol extraction (ROTAS organics) gave poor results in the field (data not shown).
A multivariate data analysis model was constructed to identify the analysed pollutants that were primarily responsible for the observed toxicity. Figure 4 presents the results of the analysis of all available data from the analyses of the 11 samples.
The evaluation shows a correlation between L-929, Lumitox, and the contents of metals, such as zinc, lead, and arsenic, measured with XRF. A correlation between ROTAS methanol and the organic compounds was also observed. However, the toxicity measured by ROTAS was low. The dilution of the leachate required to use V. fischeri after methanol extraction of the organic pollutants led to a consequent dilution of the pollutant, which explains the low observed toxicity of the PAH.
Soluble and Particle-bound Toxicity
The toxicity tests in the 2 test systems in which V. fisheri is used, ROTAS and Lumitox, were performed on soil extracts, assuming them to be representative of the overall toxicity of the soil (Fig. 2) . However, Rydvall (14) introduced a test procedure based on a 2-phase system, in which soil particles are suspended in growth medium, and showed that chemicals toxic to the water flea (Daphnia magna) may be adsorbed to the suspended soil particles (15) and thus may not be detected if extracts are used in toxicity tests. The assay was used to test 4 PAH-and metal-contaminated soils from former wood preservation sites and gas plants using stock suspensions of the soils prepared by mixing 6-g portions of each soil in 36 mL of Daphnia growth medium. The results are shown in Table 4 .
The experiment was set up as a static acute toxicity test, following the essential features of SS028180 ISO 6341-1982: Water quality-Determination of the inhibition of the mobility of D. magna Straus (Cladocera, Crustacea). Ten juvenile animals were added to a 50-mL glass beaker containing 30 mL of test solution, and 5 replicates per test concentration were used. The exposure time was set to 24 h. EC50 values were calculated using linear regression based on 3-5 different concentrations, each with 5 replicates, to estimate the effective concentration that inhibited the mobility of 50% of the water fleas (16, 17) .
The calculated EC50 values of the soil suspensions varied between 0.0014% and 42% of the stock suspension (Table 4) . Their regression coefficients indicate that there was a significant relationship between the concentration of suspended material and the observed toxic effect. A soil presumed to be ''clean'' was used as a nontoxic reference. Figure 3 . Toxicity in 11 samples determined using the rapid onsite toxicity audit leachable test system (batch extracts L/S2), the Lumitox test system on soil poly(A)-limiting element extracts, and the Swedish Defence Research Agency L929 test system on soil poly(A)-limiting element extracts. The toxicity is expressed as the decreasing luminosity of the sample compared with a control. A relative luminosity ,50% of the control is considered to indicate toxicity.
In addition, the suspension of soil number 11 was centrifuged at 5000 rpm for 15 min. The toxicity of the soil suspension, supernatant, and resuspended pellet (in 30 mL of growth medium) was measured (Table 5 ). Whereas only 24% of the water fleas were mobile after 24 hr in the 2-phase systems, 100% were mobile in the supernatant and just 15% in the resuspended pellets.
These results suggest that the toxic substances are strongly associated with particles and that toxicity tests of filtered water samples do not adequately measure environmental toxicity.
Toxicity Assessment in a Triad Approach
We believe toxicity analyses could become a useful tool in a triad-inspired approach because they provide valuable information on the effects a polluted soil may have on the recipient, which is an important input to the risk assessment. Furthermore, their screening character would allow a more complete information gathering because they are not pollutant specific and some of them are usable in the field.
Unfortunately, the pollutant concentrations in the soil collected at our test site were not as severe as expected and may have been close to the lower detection limit for use of the methods, which explains the unclear correlation between the testes.
The main advantage of toxicity analyses is that they address the risk-carrying fraction of the pollutant, the one that may have adverse effects on the environment. However, as long as assessments must generate data on total contents, in order to check compliance with official guideline values, the utility of toxicity methods will be limited. Such methods may be used as indicators, but complementary analysis will be required.
PROPOSALS FOR A TIERED APPROACH TO SCREENING SOIL FOR POLLUTANTS IN THE BROWNFIELD INVESTIGATION
Both chemical and bioanalytical methods can be used to screen polluted areas for organic and inorganic pollutants. In order to reduce the associated costs, we suggest a tiered approach (Fig. 5) , in which the representative sample size at the site initially is determined using a cheap analytical method, such as XRF and bioassay. This approach would be mainly applicable in the second step of the MIFO investigation and in the preremediation investigation where it would structure and adapt the soil characterization to the need and provide better information to base remediation decisions on in a cost-efficient way. As far as privately initiated and financed site investigations are concerned, there are no hinders to implement the proposed approach. Such projects do not have to follow the MIFO procedure.
Site investigation begins by taking soil samples to determine the representative sample size (1). Next step consists in taking samples that are further screened in the field using bio-or immunoassays both for organic and inorganic pollutants (A) and XRF for inorganics (B). The assays may be either general, like those used in the present study (ROTAS, Lumitox, and L929), or specific, such as class-or compound-specific immunoassays (18) (19) (20) .
-If the bioassays indicate a significant biological effect or a significant degree of pollution (2A), and XRF results do not explain the effect, targeted chemical analyses may be used to screen for likely causative agents, selected on the basis of existing knowledge about earlier activities at the site that may have resulted in soil pollution (3B). If this approach fails, that is, no target analytes are found, a broader screening could be performed (4A). Finally, if that also fails to explain the bioassay results, a broad unprejudiced screening could be undertaken (5A), such as using comprehensive 2-dimensional gas chromatography with mass spectrometric detection (GC3GC-MS) (21). -A first XRF measurement is done to assess inorganics (2B).
If the uncertainty of the XRF response is too large, prolonged measurement time and measurement replicates could be done to decrease it (3B). If the action appears to be insufficient, a total content analysis using digestion in aqua regia, for example, could be used (4B).
Two-dimensional gas chromatography with mass spectrometric detection is ideally suited to characterizing complex mixtures of organic pollutants, because it combines the unrivaled separation power of GC3GC with the unique identification capabilities of MS. All components are chromatographically separated in 2 dimensions, the first being Figure 4 . Results of multivariate analysis of all available data from the analyses of the 11 samples: the results of the L929, rapid onsite toxicity audit system (ROTAS) with water (Rot-H 2 O), ROTAS with methanol (Rot-MeOH), and Lumitox assays; total metal contents detected by inductively coupled plasma and X-ray fluorescence spectroscopy; the polycyclic aromatic hydrocarbons (PAHs) detected in the samples; and sum variables, that is, sums of metals, oil constituents, and PAHs. (R 2 ¼ 63%). Table 4 . Results from the toxicity assessment of 4 polycyclic aromatic hydrocarbon-and metal-polluted soils using the Daphnia magna assay (16, 17 volatility, the second polarity. Thus, compounds of similar size but with different functional groups may be differentiated. This added dimension results in an exceptional increase in the number of components that may be separated, from about 300 in normal, single column GC, to more than 6000 in GC3GC, all of which may be identified using extensive MS-spectra libraries.
Besides the obvious advantage of increased resolution, the resulting 2-dimensional plot is also rich in information, because structurally related compounds are grouped together. The PAHs and their carboxy-and hydroxymetabolites would, for example, form 3 distinct clusters. In this way, it is easy to check whether the PAHs in a polluted soil have been degraded, e.g., by naturally occurring microorganisms to one or more potentially toxic metabolites (22) . In the study described here, ROTAS, Lumitox, and L929 assays and XRF spectroscopy were used to screen the soil samples. Significant toxic responses and XRF signals were observed, and it was therefore decided that target analyses were required. However, the cost of analyzing the samples for the most relevant compound classes, that is, metals, mineral oil, and PAHs, was similar to that of a broad target screening, including 16 metals, 8 mineral oil constituents, 16 PAHs, 7 nitrogen pesticides, 34 organochlorine pesticides, 21 organophosphorous pesticides, 12 chlorophenols, 7 PCBs, 6 phthalates, and 28 semivolatile and 61 volatile organic compounds. Therefore, the latter was preferred. Most of the metals, mineral oil constituents, and PAHs, but few other compounds, were found in the samples. Carbazole, which is present in creosote and often found together with PAHs, was detected in sample 31. Thus, the data indicate that mineral oil and creosote constituents were the primary organic pollutants in this sample. Nevertheless, the data generated could not fully explain the bioassay data, and a broad screening using GC3GC-MS was performed. It did not yield any additional information, and it was concluded that the site was not significantly contaminated by any organic pollutants other than mineral oil and PAHs. The absence of a link between the biological effects and pollutant level data may, possibly, be due to the low concentrations and the low bioavailabilty of the pollutants. Based on this information, the further investigations could focus on the identified pollutants, and the moderate toxicity effect could be valuable input to the risk assessment and the conceptual site model. Further sampling could be focused on the relevant pollutants and make the overall investigation more cost efficient.
CONCLUDING REMARKS
Sampling uncertainty is often not addressed in site investigations; an interesting paradox is that results of laboratory analyses are highly trusted, while the major source of uncertainty, the field sampling, is overlooked. Incorporating more aspects of the triad approach would increase awareness about the real quality of the data collected and improve the quality of conceptual site models. This would also lead to overall financial savings. Field and screening methods have a role to play in the triad approach.
Determining the representative sample size and optimizing the number of measurements are 2 ways of reducing the uncertainty regarding the actual concentration of a pollutant in a soil sample. However, managing uncertainty includes both accepting high uncertainty when low precision is acceptable and reducing the uncertainty (e.g., by taking larger samples or increasing the density of the analysis) when high precision is needed. Determining what constitutes a representative sample size and adapting the duration and number of XRF measurements based on the measured concentrations and the projectspecific critical limits are 2 examples of ways in which the uncertainty can be adjusted to an acceptable level. X-ray fluorescence spectroscopy can be used on metal-polluted soil. In our case study, the use of XRF spectroscopy to measure the level of metal (lead and copper) contamination worked well for identifying sample concentrations above the limit for ''less sensitive land use.'' Other field methods are also available that could be adapted to the project needs, such as PID for oil.
Toxicity assessment is another approach, which examines the effect of the pollutants rather than simply their concentrations. Together with screening analysis, toxicity tests could help to identify problem areas on a site. It is difficult to assess the success of the ROTAS toxicity tests, because the tested soil had rather low levels of contamination. However, the lack of correlation between the results of the toxicity assays and the pollutant content should be addressed. Bio-and immunoassays could become an interesting tool in the sample assessment tiered approached we proposed. However, as long as guidelines are based on total content, the applicability of toxicity tests will be limited, even though it can be argued that risk is more closely linked to the available fraction than the total content of a pollutant.
There are no fundamental contradictions between the Swedish site assessment methodology and triad approach, but the segmented structure of the Swedish methodology may easily hinder the dynamic workflow required by the triad method. The suggested tiered approach for screening soil for pollutants would mainly be applicable in the second step of the MIFO investigation and in the preremediation investigation, where it would provide better information on which to base remediation decisions. As far as privately initiated and financed site investigations are concerned, there are no barriers to implement the proposed approach because such projects do not have to follow the MIFO procedure. However, the lack of requirements from the environmental authorities on uncertainty assessment does not incite consultants to make large efforts on that topic. Successful implementation of a methodology, such as the triad approach, requires all those involved to understand at least the core of the methodology and be willing to implement it. It is essential for both the systematic project planning and the dynamic workflow. If these requirements are not fulfilled, there is a high risk of reverting to old routines, thus invalidating the new approach. Increasing awareness of uncertainty and Figure 5 . A tiered approach to screening soil for pollutants.
